Which properties of a molecule define its odor? This is a basic yet unanswered question regarding the olfactory system. The olfactory system of Drosophila has a repertoire of approximately 60 odorant receptors. Molecules bind to odorant receptors with different affinities and activate them with different efficacies, thus providing a combinatorial code that identifies odorants. We hypothesized that the binding affinity of an odorant-receptor pair is affected by their relative sizes. The maximum affinity can be attained when the molecular volume of an odorant matches the volume of the binding pocket. The affinity drops to zero when the sizes are too different, thus obscuring the effects of other molecular properties. We developed a mathematical formulation of this hypothesis and verified it using Drosophila data. We also predicted the volume and structural flexibility of the binding site of each odorant receptor; these features significantly differ between odorant receptors. The differences in the volumes and structural flexibilities of different odorant receptor binding sites may explain the difference in the scents of similar molecules with different sizes.
depending on the amino acids involved [41] [42] [43] . The size and flexibility of binding pockets have been used in computational drug design to predict the binding pocket of a given ligand 44 .
Herein, we focused on the volume and flexibility of the binding pocket. The molecular volume of a ligand should match the dimensions of the OR binding pocket. Subsequently, the ligand can fit into the binding pocket of the OR and trigger signal transduction. Mismatches in volume decrease the neural response; however, flexibility of the binding pocket can compensate for volume mismatches (Fig. 1) .
We can determine the volume and flexibility of a binding pocket if we know its three-dimensional structure. However, the structures or ORs are unknown because it is difficult to determine the structure of integral membrane proteins 45, 46 . To investigate OR protein structure, various research methods have been used, including molecular dynamics (MD) simulations, mutagenesis studies, heterologous expression studies, and homology modeling [47] [48] [49] [50] [51] [52] [53] [54] [55] .
In the current study, we develop a mathematical framework that utilizes available experimental data, and we apply this developed mathematical framework to investigate the relationship between the molecular volume of odorants and the ORN response. Our results suggest that although molecular volume is a considerable factor, it is not the only factor that determines the neural response of ORNs. We predict the in vivo volumes and flexibilities of OR binding pockets (supplemental file volume-profiles.csv) by applying our mathematical method to neural data from the Database of Odorant Receptors (DoOR) 56 , which is a well-structured database that includes the neural responses of most Drosophila ORs to many odorants 56 . This database aggregates data from many sources 17, 19, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] .
We suggest that a functional relationship exists between molecular volume and the neural response. We also provide a methodology to estimate the molecular receptive range or tuning function of ORs. Finally, we predict the structural properties (i.e., volumes and flexibilities) of OR binding pockets. Our results may aid in the selection of odorants for future experimental studies (supplemental file proposed-odorants.csv) and may contribute to the study of olfactory coding by unmasking the effects of other possible factors.
Material and Methods
We used the neural data of the DoOR 1.0 56 database for our calculations, and we reserved the additional data in the DoOR 2.0 18, [70] [71] [72] [73] [74] [75] database to use as a test set. We calculated the molecular volume (supplemental file odorants. csv) using the computational chemistry software VEGA ZZ 76 . We used GNU R statistical computing software to analyze the data 77 .
The DoOR database includes an N × M matrix. Its elements, r nm , are the response of ORN n to odorant m. This matrix is normalized to have values between 0 and 1, so 0 ≤ r nm ≤ 1, where 1 is the strongest response. This matrix has many Not Available (NA) values, and different ORNs are excited by different sets of odorants. We accounted for this feature by removing NA values from the summations and calculating ∑ ≠ m r : N A nm ; however, for brevity, we used the usual notation ∑ m . The response r nm may depend on the molecular volume of the odorant, v m , and other physicochemical properties of the molecule m; therefore, we separated the response r nm into two terms:
The first term, f n (v m ), depends only on the molecular volume of the odorant. The second term, the volume-independent term ψ nm , includes every other influential property of the odorant molecule, with the exception of molecular volume or any other property that correlates with molecular volume (e.g., molecular weight). Of the molecular parameters that correlate with molecular volume, we used molecular volume because it fits the acceptable picture of protein-ligand interaction ( Fig. 1 ). Using molecular weight would have implied receptors use some type of mass spectroscopy analysis. We tested a few other important parameters, including polarity, functional group, and polar surface area; however, none of the parameters were as dominant as molecular volume. Therefore, we primarily focused on molecular volume (f n (v)) and may consider other parameters (ψ n m) in future studies.
Each of the two terms was characteristic of the OR and varied for each OR. In fact, the first term, f n (v), can be considered to be the tuning curve of an ORN n with respect to the molecular volume. We approximate this term with a Gaussian function, where v n is the preferred molecular volume of the OR n, and σ n represents the flexibility of the OR binding pocket. We used a Gaussian function for the tuning curve for the following reasons: (a) it is among the simplest forms that can describe a preferred volume and flexibility, and (b) the mathematics was easy to follow and the final solution was simple.
In this work, we wanted to estimate v n and σ n . Thus, we first calculated the response-weighted average of the molecular volumes, ∑ ∑ v r r m m nm m nm , and then we used (1): We approximated ∑ with ∫ , which is common in statistical physics: . We moved 〈 ψ nm 〉 m out of the integral because it is independent of v. Here, g(v) is the density of states, and g(v)dv indicates how many molecules have a molecular volume in the range of v and v + dv. This function was approximated by a Gaussian function ( Fig. 2 
Ideally, g(v) must not depend on the OR n because it is a property of the ensemble of odorant molecules and not a property of the OR. We also had many missing values (r nm = NA) that did not overlap, and we had to calculate g(v) for each ORN separately; therefore, v g n and σ g n are the average and standard deviation, respectively, of the molecular volume while r nm ≠ NA. We rewrote equation (3) using equation (4): 
To obtain a simpler form, we replaced the product of f n (v) and g n (v) in the above equation with
The function h n (v) is a Gaussian function because it is the product of two Gaussian functions,
Thus, the right side of equation 7 was nothing but µ h n , and in a similar manner, we calculated σ h n from the neural data.
We know the mean, v g n , and standard deviation, σ g n , of g n (v) from the molecular volumes of the ensemble of odorants. We calculated the mean µ h n and standard deviation σ h n of h n (v) from the neural data. Using these values, we calculated the mean v n and the standard deviation σ n of f n (v). First, we calculated σ n using
n n and then we calculated v n : The calculated v n and σ n are provided in the supplemental file volume-profiles.csv. The resulting f n (v) are plotted over the actual data for the 28 ORs ( Fig. 3 ) in which the p-values were < 0.05.
We calculated p-values using permutation tests and shuffled the data 10 5 times. We shuffled the association between odorants and the responses of a given OR and then checked the null and alternative hypotheses. The alternative hypothesis was that " the response of the ORN depends on the molecular volume of the odorant", which requires a finite value for σ n . The null hypothesis was that " the response of the ORN is independent of the molecular volume of the odorant", which requires σ n → ∞ . Therefore, the p-value is the probability of having σ σ ′ ≤ n n , where σ n is calculated from the original data, but σ′ n is calculated using the permuted version.
We tested the hypotheses on ~60 ORs simultaneously (only 44 were present in the DoOR 1.0 database). Using a simple threshold of 0.05 for the p-value of each OR would have resulted in many false positives. To address the issue of a multiple-comparison problem, we used the Bonferroni correction (by multiplying the p-values by 60). The problem with the Bonferroni correction is that it may increase the number of false negatives. This problem can be addressed by using another method called the false discovery rate (FDR) that keeps the rate of false positives below a threshold 78, 79 . We used the Bonferroni and FDR methods as well as no correction. We used the function p.adjust of GNU R to calculate the corrected p-values. The results were labeled accordingly in Figs 3 and 4 .
We also wanted to show the diversity of volumes and flexibilities of binding pockets among ORs. To estimate the p-values, we used any pair of ORs that were sensitive to molecular volume (28 ORs), calculated their difference, used a permutation test (6 × 10 4 shuffles) and measured the probability of obtaining different results (Fig. 5 ).
Results and Discussions
The relationship between molecular volume and the ORN response was evident (Figs 3-5 ). The function f n (v) was considered to be the tuning curve of OR n in response to molecular volume ( Fig. 3) . Each OR had a preferred molecular volume v n and showed some flexibility σ n . The calculated f n (v) values are shown in Fig. 3 . This figure includes 28 ORs that showed a significant dependence on odorant molecular volume in their response (p-value < 0.05).
The flexibility of a receptor may affect the broadness of its tuning curve (flexible receptors may bind to more odorants), but we did not see any significant relationship when using three definitions of broadness: depth of selectivity, breadth of selectivity and kurtosis 70, 80, 81 .
The results of 28 ORs indicated that 11 ORs were significant according to the Bonferroni correction (ORs with black names), 26 of them were significant according to FDR correction (ORs with gray names), and the remaining The fitted functions f n (v) from Eq. 1 (solid lines) and the error bars of the mean of f n (v) (red vertical lines) for 28 ORs showed that their responses were significantly dependent (p-value < 0.05) on molecular volume. Except 2 (ORs name in light gray), 26 were significant according to the FDR correction (ORs named in gray), and 11 were significant according to the Bonferroni correction (ORs with names in black). The function f n (v) was calculated based on data from the DoOR 1.0 database (blue circles). The red circles are additional data from the DoOR 2.0 database. receptors (2 ORs with light gray names) only satisfied the criteria of a p-value < 0.05 without any corrections. After applying the FDR correction, more than half of the available ORs in the DoOR 1.0 database (26/44) showed significant sensitivities toward molecular volume. The remaining receptors may be sensitive to molecular volume as well; however, the current evidence is not sufficient, and more experiments are necessary.
One interesting case in this regard was Or82a, which did not fit our hypothesis. Or82a binds to geranyl acetate much better than to any other molecule. When we removed geranyl acetate from the data, suddenly Or82a fit perfectly to our model with a Bonferroni-corrected p-value of 0.03 (Fig. 6 ). The underlying interaction between geranyl acetate and Or82a is therefore a special case that requires more investigation.
The parameters of f n (v), v n and σ n are shown in Fig. 4 . Figure 4 demonstrates that the molecular volume preferences of ORs were different (right), and the flexibilities of the ORs were also different (left). To support these claims, we estimated the p-values of having different volume preferences and flexibilities for each pair of 28 ORs (Fig. 5) . The comparison of the volume preferences of all 378 possible pairs indicated that 133 had a p-value less than 0.05. This number was reduced to 89 after using the FDR correction and further reduced to 32 after using the Bonferroni correction. The corresponding number of pairs with a p-value less than 0.05 was 168, 134 and 77, respectively, for the flexibility comparisons. The union of these two sets confirmed that 226 (p-value < 0.05), 171 (FDR corrected), and 91 (Bonferroni corrected) pairs of ORs showed distinct differences in their binding-pocket characteristics. The error bars were calculated using the Jack-Knife method. Some ORs, including Or59b, Or67a and Or85a, preferred smaller molecules, but some ORs, including Or19a, Or1a and Or49a, preferred larger molecules. Some ORs, such as Or46a, Or22b and Or30a, were volume selective, but other ORs, including Or19a, Or67b and Or22a, responded to a broader range of molecular volumes. Asterisks indicate the updated results using the DoOR 2.0 database, and the numbers in parentheses show the percentage of DoOR 2.0 results relative to the total amount of data for each receptor.
The diversity of ORs is important in perceiving the quality of smells. In a hypothetical experiment, assume that all odorant molecule characteristics are the same with the exception of molecular volume. If all ORs have the same preferred volume and flexibility, any change in the molecular volume will change only the intensity of smell and not its quality. Here, we showed that ORs have different preferred volumes and flexibilities. Therefore, any change in the molecular volume of an odorant results in a different combinatorial encoding, which affects the quality and intensity of the perceived smell. This conclusion is in agreement with the work of M. Zarzo that suggested that larger molecules smell better 82 and might account for differences between the scents of methanol, ethanol, propanol and butanol. Methanol smells pungent, ethanol smells pleasant and wine-like, and propanol and butanol smell like ethanol; however, butanol has a slight banana-like aroma. We argue that molecular volume affects combinatorial encoding and that combinatorial encoding determines odorant quality.
Herein, we showed that the responses of ORNs are related to odorant molecular volume. However, it is not clear what other features of molecules are measured by ORs. Many studies have attempted to connect the physicochemical properties of molecules to the evoked neural response and/or the perceived smells; however, the nonlinear volume dependence (Eq. 1 and Eq. 2) may mask important correlations between molecules and neural responses. When f n (v) is close to zero, the value of ψ nm does not matter.
We predicted that odorants with a molecular volume in the tail regions of f n (v) remain undetected, regardless of any of their other physicochemical properties. This prediction can be confirmed in future experiments.
When studying the ψ nm of an OR, it is better to have many data points, and it is better for the data points to be close to the preferred volume of the OR; however, the current data do not meet these conditions. For many ORs, most data points are in the tail regions of f n (v), with values close to zero. We have included the best selection of odorants for each of the 28 studied ORs (see Venn diagram in Fig. 7 and supplemental file proposed-odorants. csv); this information can be used to save time and expenses during future experiments.
We have also predicted some in vivo structural aspects of OR binding pockets: the preferred volume of each OR results from the volume of the binding pocket, and the flexibility of an OR results from the rigidity or flexibility of the binding pocket. These data provide additional constraints on the 3D structure of ORs, which may aid in the prediction and calculation of the 3D structure of these proteins.
The methods of the current study can also be combined with mutagenesis. When an OR gene is mutated, the response to a selection of molecules can be subsequently measured, and finally, the preferred volume and flexibility can be calculated. In this way, we could potentially understand which amino acids affect the function of the OR and contribute to both the volume and flexibility of the binding pocket.
In this manuscript, we have excluded many factors because the nature of the problem is inherently complex; it would not be feasible to study this problem with all possible factors. Many factors affect the concentration of odorant molecules at ORs, including the molecular mass, the method of mixing odorants and air, the vapor pressure, the solubility of odorants in water, the sensillum lymph and odorant-binding proteins (e.g., LUSH) 83, 84 . It is difficult to control for all of the aforementioned factors in the current experimental paradigm, and the model would be very complex with many sets of parameters. For example, if we introduce an odorant into air, there will be a mixture of air, vapor and mist. Then, the mixture reaches the sensilla, mixes with sensillum lymph fluid, may bind to odorant-binding proteins and finally reaches ORs. Two important parameters in this process are vapor pressure and water solubility. Vapor pressure limits the vapor concentration of a liquid. Water solubility limits the amount of odorant that can dissolve in water. Both factors are nonlinear at high concentrations; therefore, we can neglect the effect of vapor pressure and water solubility. However, if we are close to the critical concentrations, vapor pressure and water solubility are very important.
We expect these factors to have minimal effects on smaller molecules because they evaporate easily, readily dissolve in water and might not need the help of odorant-binding proteins. Therefore, we have greater confidence about the lack of response to small molecules than we do about the lack of response to larger molecules. Using an experimental paradigm similar to a luciferase assay 85 may provide valuable complementary information to our simple model. When using a luciferase assay, the concentrations are accurate, but the experiment is in vitro. . We already know the neural responses of the hatched blue areas, but the hatched pink odorant areas can be the target of future experiments. We predict that the remaining odorants will only yield no response.
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Conclusion
We showed that molecular volume is an important factor, but it is not the only factor that determines the response of ORNs.
We hypothesized that the ORN response results from OR binding-pocket volume and flexibility. We predicted the actual in vivo volumes and flexibilities of OR binding pockets. The results are provided in supplemental file volume-profiles.csv, and they can be verified when the 3D structures are resolved and/or when more experimental results are available. Now that we understand the extent to which molecular volume contributes to the ORN response, it is possible to study the effects of other parameters.
We approximated a molecule as a rigid isotropic sphere of a given volume, but our model does not consider the shape 13, 14, 40 , vibrational mode 12, 16, 24 , chirality 86 or many other potentially interesting properties of a molecule. Our methods and results actually provide a starting point that may lead to the study of other factors.
An improvement to this model would be to include the anisotropy of the molecules by modeling them as ellipsoids. This modeling will capture more aspects of the molecular shape and may aid in the inclusion of constitutional isomers.
Approximating f n (v) and g(v) with a Gaussian function makes the mathematical formulation simple and readable. However, a semi-infinite function may be a better choice for molecular volumes, which cannot have negative values.
Although this work utilized data from Drosophila, we expect that the general principles and methodologies of this work will also apply to vertebrates. We are working to apply the same method to human odorant receptor data 85 .
